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Extreme Diversity among Amacrine Cells:
Implications for Function
observed by one worker cannot always be stained by
another. Second, the frequency of staining is little corre-
lated with the actual frequency of the neuron. Third, and
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perhaps most important, there is no way to eliminateBoston, Massachusetts 02114
the risk that some cells present in the tissue are never
stained at all. This is not merely a theoretical possibility.
The retina had been studied for nearly a century by theSummary
Golgi method before the first starburst cellÐwhich we
will show to be one of the more numerousamacrine cellsÐWe report a quantitative survey of the population of
was impregnated (Perry, 1979). In fact, some Golgi cata-amacrine cells present in the retina of the rabbit. The
logs of the modern era still include no recognizablecells' dendritic shape and level of stratification were
starburst cells (Boycott and Dowling, 1969; Kolb andvisualized by a photochemical method in which a fluo-
Nelson, 1981).rescent product was created within an individual cell
Our goal here was to construct an accurate overallby focal irradiation of that cell's nucleus. A systemati-
picture of the amacrine cell population of a mammaliancally random sample of 261 amacrine cells was exam-
retinaÐone that reflects both the types of cells presentined. Four previously known amacrine cells were re-
and their frequencies. In contrast to earlier studies, ourvealed at their correct frequencies. Our central finding
approach starts not from stained instances of particularis that the heterogeneous collection of other amacrine
cells but rather from examining the total population ofcells is broadly distributed among at least 22 types:
cells. Strettoi and Masland (1995) determined the totalonly one type of amacrine cell makes up more than
number of amacrine cells in rabbit retina by identifying5% of the total amacrine cell population. With these
every cell in serial reconstructions of the inner nuclearresults, the program of identification and classification
layer. It was then possible to compare the total numberof retinal neurons begun by Cajal is nearing comple-
of amacrine cells with the number of amacrine cells thattion. The complexity encountered has implications
can be reliably stained by histochemical methods. Theboth for the retina and for the many regions of the
results showed that only 22% of all amacrine cells havecentral nervous system where less is known.
been stained as distinct populations by any technique
(Vaney, 1991; Strettoi and Masland, 1996). In the presentIntroduction
studies, we sought a systematic way to study the re-
maining 78%.Retinas are image processors. Inputs arriving at the
Because molecular probes for the missing amacrinephotoreceptors are compressed by successive conver-
cells are not available, we devised a new way to seegences, filtered spatially and temporally, and encoded
the shape and level of stratification of their dendriticfor transmission to the brain by retinal ganglion cells.
arbors, and used those features to distinguish the cells.
Much of the shaping of ganglion cell responses is done
The method derives from the finding that a wide assort-
by amacrine cells, which make up z40% of all neurons
ment of fluorescent probes can serve, when specifically
of the inner nuclear layer. Amacrine cells are variegated
irradiated, as oxidation sources (Sandell and Masland,
in shape and in biochemistry (WaÈ ssle and Boycott, 1991)
1988). This has been exploited in anatomical studies.
and have equally diverse functions (Masland, 1988; Va-
When cells labeled with fluorescent molecules are dif-
ney, 1991). This is shown by the branching of individual
fusely irradiated in the presence of diaminobenzidine,
amacrine cells within restricted levels of the inner plexi- it is oxidized to an insoluble product wherever the fluo-
form layer, which means that the different amacrine cells
rescent molecules are present (Maranto, 1982; Sandell
contact different types of bipolar and ganglion cells.
and Masland, 1986; Sandell et al., 1989; Dalva et al.,
If the amacrine cells have different kinds of synaptic
1994; Deerinck et al.,1994). Another usewas for targeted
partners and different neurotransmitters as well, it is ablation of fluorescein-labeled cells (Nirenberg and
clear that they carry out different functions in shaping Cepko, 1993; Nirenberg and Meister, 1995). In the pres-
the retina's output. ent studies, we instead used labeling of cell somas to
Those functions are not always subtleÐfor example, drive oxidation of dihydrorhodamine 123 (H2R123), which
in very dim light, amacrine A2 is a mandatory link in the is nonfluorescent, to the fluorescent rhodamine 123
retina's through-pathway (Sterling, 1998; Strettoi et al., (R123). The nuclei of all amacrine cells were labeled with
1992; DeVries and Baylor, 1995). And yet, we do not DAPI. An individual cell was then irradiated by a spot
know with certainty what amacrine cells exist (Strettoi of light smaller than that cell's nucleus. Excitation of
and Masland, 1995). To be sure, the Golgi method has DAPI resulted in the oxidation of H2R123 to R123, a
revealed many kinds of amacrine cell (Boycott and Dow- charged, fluorescent product that remained within the
ling, 1969; Kolb and Nelson, 1981; Mariani, 1990). How- targeted cell but diffused throughout its dendrites.
ever, the Golgi method has the following well-known As a way to visualize cells, this technique of ªphotofill-
limitations. First, it is not reproducible. Because of the ingº has certain limitations, among them that images of
method's sensitivity to small technical variations, a cell the filled cells must be captured from the living tissue.
However, the photocatalyzed filling of cells is easier than
microinjection and requires little manual skill. Cells deep*To whom correspondence should be addressed.
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Figure 1. Random Sampling Method for Tar-
geting Amacrine Cells
(A) The nuclei of the DAPI-stained amacrine
cells were placed in focus.
(B) A grid crossing in one eyepiece was cho-
sen using a table of randomlygenerated num-
bers, and the cell located directly beneath the
designated crossing was irradiated. In this
experiment, the cell at position E6 was tar-
geted.
(C) The cell's nucleus was selectively irradi-
ated by a spot 3 mm in diameter. (The blue
glow surrounding the nucleus is due to scat-
tered light.)
(D) Following 10 min of irradiation, the den-
drites of cell E6 are filled. This cell has the
morphological characteristic of a flag cell and
is also shown in Figure 4. Scale bar, 50 mm
for all images.
within the tissue are as easily filled as those near the establish the boundaries of the inner plexiform layer, as
a guide to the stratification of the filled cell's dendrites.surface, including the smallest cells of the retina's inner
nuclear layer. As a result, the technique is quantitative,
in the sense that nearly all of the targeted cells are The Population of Photofilled Cells Approximates
the Actual Population of Amacrine Cellssuccessfully filled. We targeted a randomly chosen sam-
ple of 261 amacrine cells, to allow an overview of the in the Rabbit's Retina
An important goal was to sample accurately the totaltotal amacrine cell population. Since the true fractions
occupied by four types of amacrine cells (starburst, A2, population of amacrine cells. One reason to believe that
this was accomplished was that a very high fraction ofDAPI-3, and indoleamine-accumulating) are known, the
frequency of occurrence of these cells could be used as the attempted photofills were successful. Of a total of
261 fills attempted, 246 resulted in cells whose dendritesan internal standard, to verify that our techniques accu-
rately sampled the amacrine cells physically present. were brightly labeled and that could be grouped by
dendritic field size. Among these cells, 190 could be
easily identified as distinct cell types. Another 56 couldResults
be visualized well enough to learn the size of the den-
dritic arbor and its approximate character, but for vari-The DAPI-labeled nuclei of amacrine cells were visual-
ized using low intensity 360 nm epifluorescence irradia- ous reasons we did not assign them to a particular cell
type. Often this was because of a desire to restrict thetion (Figure 1). The crossings on a grid reticle were re-
ferred to a table of random numbers and the cellbeneath proliferation of cell typesÐsome cells could have been
either rare types or slightly aberrant members of a largera selected crossing was targeted for filling. A pinhole
80 or 100 mm in diameter located in the epifluorescence group. These 56 cells are classified here only as small,
medium, or wide field. In 15 cases the photofilling failed:path restricted illumination to the nucleusof the targeted
cell (Figure 1C). Targeted cells were irradiated for z10 the cell body could be seen but little or no filling of the
dendrites occurred. Thus, at least a preliminary identifi-min, during which timethe nonfluorescent H2R123 within
the cell was converted into R123. The first sign of photo- cation could be made for 94% of all cells targeted.
To further validate the sampling, we compared theconversion was a yellowing of the cell's soma (as seen
under blue-violet illumination). The dye then diffused frequency of occurrence of four types of amacrine cell
with their actual frequency known from measurementwithin the dendrites (Figure 1D). Pieces of tissue con-
taining filled cells were rinsed in Ames medium, cover- in histochemically stained retinas. These known popula-
tions are the A2, starburst, indoleamine-accumulating,slipped, and imaged as whole mounts at higher magnifi-
cation using longer wavelength filters appropriate for and DAPI-3 amacrine cells. It has been determined by
other methods that A2 cells make up 11%, starburst cellsR123. For every filled cell, two series of images were
collected (Figure 2). The first was a series, at 1 mm 3%, indoleamine-accumulating cells 4%, and DAPI-3
cells 2.5% of all amacrine cells (Tauchi and Masland,intervals, through the filled cell. The second, using 360
nm illumination, through-focused the inner plexiform 1984; Sandell and Masland, 1986; Casini et al., 1995;
Strettoi and Masland, 1996; Wright et al., 1997). Exam-layer at the same location. The DAPI-labeled nuclei of
the inner nuclear and ganglion cell layers were used to ples of each of these cells were easily identified in our
Diversity among Amacrine Cells
973
This is evidence that our methods do not systematically
over- or undersample a morphological class (as do the
Golgi method and microinjection). Finally, the computed
coverages of the narrow-field cells are near unity, as
would be expected (coverage will be discussed in more
detail below). Since each type of cell is represented by a
small number of examples, some variability is inevitable
and sets limits to the precision of our conclusions. In-
deed, it is possible that a few very rare cells are not
represented in our sample. As an initial survey, though,
our methods seem to provide an estimate of the actual
population of cells present.
No Single Type of Amacrine Cell Predominates
At the outset, our expectation (and that of others; see
Marc, 1989; Vaney, 1991; Kalloniatis et al., 1996) was
that the large universe of unidentified amacrine cells
would be dominated by a few, common cells. That did
not turnout to be the case.The most numerous amacrine
cell was A2, a previously known cell that comprised
12.6% of our filled cells. The remainderswere distributed
among many types of cell, each making up 5% or less
of the total amacrine cell population.
We made every effort to lump the cells into fewer
groups. What prevents this, in most cases, is the dif-
fering level of stratification of their processes: cells that
arborize within different levels of the inner plexiform
layer necessarily have different synaptic connectivity,
because the different levels of the inner plexiform layer
are occupied by processes belonging to functionally
distinct bipolar and ganglion cells. Taken together with
the large differences in the cells' dendritic spread and
morphology, this kept us from forcing the cells into a
smaller number of categories.
Given this diversity, the issue arises how best to pre-
sent the data. For simplicity (and to avoid implicit biases)
we have not relied heavily upon preexisting names or
used any formal system of classification. Instead, we
have sorted the cells by the readily measurable features
of dendritic field size and stratification within the inner
plexiform layer. Table 1 groups the cells on that basis.
Figures 3, 4, 5, and 6 show images of 21 of the types of
cell. Descriptions of some of the cells follow, to illustrate
how the cells' differing spread and level of stratification
define the different cell types.
Figure 2. Determining the Level of Dendritic Stratification of Filled Narrow-Field Cells
Amacrine Cells
Narrow-field cells made up 51% of our sample. The
Matched DAPI (left) and rhodamine 123 (right) image series were
majority of them (55%) were stratified. They differedcompared. For this broad diffuse amacrine cell, dendrites exit from
widely in the pattern and level of their stratification (Fig-the soma and branch continuously through 60% of the inner plexi-
ures 3 and 4). Some cells, such as the flat bistratified andform layer. At 80% depth, dendrites are no longer visible. Scale bar,
50 mm. the monostratified amacrine cells, had arbors narrowly
contained within a single sublamina of the inner plexi-
form layer. These cells were easily distinguished from
the level of stratification alone.sample (Figure 3). Although minor variations are inevita-
ble with this relatively small sample of each cell type, Other cells, such as the spider and AB diffuse-1 cells,
had dendrites that occupied several strata. Because thetheir frequencies, overall, were close to those previously
observed (Table 1). dendrites of those cells occupied the same regions of
the inner plexiform layer, classification relied on differ-The four previously known cells cover a spectrum of
possible morphologies: they include one narrow-field ences in the shape and trajectory of the dendritesÐ
spider cells had straight, vertical dendrites, whereas ABcell, two that are bistratified, and one wide-field cell.
They branch at different levels of the inner plexiform diffuse-1 cells were bushier with sloping, wavy, varicose
dendrites. Similar comparisons were made for the otherlayer and have a wide variety of dendriticspecializations.
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Figure 3. Four Well-Studied Amacrine Cell
Types As Seen After Photofilling
Images at two different depths show the sep-
arate inner and outer arbors of the (bistrati-
fied) A2 and DAPI-3 cells. The line drawings
schematically represent the vertical appear-
ance of each cell type. Arrows indicate the
position of the image planes within the inner
plexiform layer. Scale bars, 50 mm.
narrow-field cells. Eleven types could be distinguished their level of stratification within the inner plexiform layer
(Figures 3 and 5). For instance, starburst cellsÐthe most(Table 1 and Figures 3 and 4). Except for A2, no narrow-
field cell made up more than 5% of the total population common medium-field cellÐhad flat, radial arbors posi-
tioned at 25% of the inner plexiform layer, whereasof amacrine cells.
Medium-Field Cells asymmetric bistratified cells, also with flat arbors, were
bistratified and arborized at 20% and 60% of the innerMedium-field cells were less diverse than the narrow-
field cells, and as a group made up z25% of all amacrine plexiform layer.
Cells classified from both stratification and dendriticcells. Examples of all of the medium-field types are
shown in Figure 3 or Figure 5. However, medium-field features included the DAPI-3 and AB broad diffuse cells,
all of which ramified within the middle layers of the innercells were correspondingly less numerous in absolute
terms in our sample, and there were several instances plexiform layer. DAPI-3 cells had two separate arbors
made up of thin, meandering dendrites with prominentin which well-filled cells were left unclassified because
we had only one example. Even though these were varicosities. In contrast, the dendrites of the AB broad
diffuse cells occupied a continuous sector of the innerclearly different from the more common types, it seemed
inappropriate to create a morphological group based plexiform layer, spanning several strata, with a dense
cluster of highly branched dendrities. The dendrities ofon a single cell.
Most medium-field cells were readily differentiated by AB broad diffuse-1 cells formed long segments that
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Table 1. Photofilled Amacrine Cells
Arbor % of Total Average
Position Number Amacrine Density Arbor Diameter Coverage
Cell Type (% of INL) in Sample Cells Filled (cells/mm2) Area (mm2) (mm) Factor
Overall
Narrow-field 134 51.3
Medium-field 63 24.1
Wide-field 49 18.8
Unclassified 15 5.7
Narrow-field cells (arbors ,125 mm diameter)
A2* (O) 33 12.6 2137 738 34 1.610±35%
(I) 1683 49 3.655±85%
Flag* 20±60% 12 4.6 765 1558 46 1.2
AB diffuse-1* 15±60% 13 5.0 839 2200 56 1.8
AB diffuse-2* 30±60% 6 2.3 385 3265 70 1.3
Spider* 5±60% 12 4.6 799 1861 53 1.5
Monostratified* 50±80% 7 2.7 441 1260 41 0.6
Flat bistratified* (O) 3 1.1 145 6062 95 0.920%
(I) 2869 69 0.460%
Broad diffuse* 15±65% 3 1.1 144 9321 117 1.3
A2-like (O) 7 2.7 489 1002 42 0.530%
(I) 50±65% 2058 58 1.0
Diffuse bistratified* 10±60% 9 3.4 545 2362 58 1.3
Recurving diffuse* 20±85% 2 0.8 132 11162 116 1.5
Unclassified narrow-field 27 10.3
Medium-field cells (125±400 mm diameter)
Starburst* 25% 13 5.0 856 126672 400 108.4
DAPI-3* (O) 8 3.1 444 23079 176 10.220±40%
(I) 22559 170 10.055±70%
Diffuse multistratified* 10±70% 5 1.9 296 19933 180 5.9
AB Broad diffuse-1* 30±65% 3 1.1 169 28239 197 4.8
AB Broad diffuse-2* 30±60% 5 1.9 320 12695 133 4.1
Fountain* 0±70% 5 1.9 193 20089 168 3.9
Asymmetric bistratified* (O) 4 1.5 280 4563 84 1.320%
(I) 4338 85 1.260%
Wavy bistratified* (O) 2 0.8 157 11257 132 1.815±35%
(I) 10150 121 1.670%
Unclassified medium-field 18 6.9
Wide-field cells (.400 mm diameter)
WF1 0±20% 10 3.8
WF2 20±40% 8 3.1
WF3-1* 40±60% 4 1.5
WF3-2* 40±60% 10 3.8
WF-4 60±80% 1 0.4
Indoleamine-accumulating 80±100% 5 1.9
Types 1* and 2
Unclassified wide-field 11 4.2
Total cells filled 261 99.7
*Denotes cells shown in figures. I, inner arbor; O, outer arbor. To reduce variation due to location across the retina, nearly all of the filled
cells were from a region 6±10 mm directly ventral to the optic nerve head. Stratification levels were rounded off to the nearest 5%. The
standard errors averaged 9.5% of the means for the dendritic field diameters and 17.2% for the dendritic areas.
originated from several proximal dendrites. AB broad making it hard to estimate their lateral extent. Therefore,
all but two types of wide-field cells were classified sim-diffuse-2 cells formed a smaller (130 mm) dendritic arbor
that was made up of short, straight, highly branched ply by their level of stratification within the inner plexi-
form layer. One exception was the indoleamine-accu-processes that all originated from a single primary den-
drite. mulating cells (Types 1 and 2) (Vaney, 1986; Sandell
and Masland, 1986), which could be identified by theirWide-Field Cells
Wide-field cells made up z20% of our sample. Most characteristic morphology. A Type 1 cell is shown in
Figure 3. The indoleamine-accumulating cells are char-had thin, sparse, uncomplicated processes extending
far outside the microscope field, with few distinctive acterized by rather straight dendrites with numerous
varicosities. Processes slope across the inner plexiformmorphologic features (Figure 6). The labeling of the thin
processes faded quickly, even with brief irradiation, layer to run finally within layer 5.
Figure 4. Whole-Mount Views of Nine Narrow-Field Amacrine Cells
Long dendrites of the narrowly stratifying cells (e.g., flat bistratified) appear in focus within a single plane, whereas for diffuse cells the den-
drites appear as discontinuous fragments (e.g., AB diffuse-1). When the dendrites are cut in cross section, they appear as bright dots (spider
cell, lower image). Schematic line drawings illustrate the vertical appearance and stratification of each cell type within the inner plexiform
layer. One narrow-field cell, termed ªA2-like,º is not shown here. Its morphology resembles that of A2, but both the outer and inner arbor
were broader than A2, and the inner arbor branched more sclerally (see Table 1). Arrows indicate the levels of the images. Scale bar, 50 mm.
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Figure 5. Whole-Mount Views of Six Types of Medium-Field Amacrine Cell
The six upper panels illustrate cells with bistratified dendrites (asymmetric bistratified, wavy bistratified) or dendrites in the outer portion of
the retina which arise from an inner arbor (fountain cell). The bottom images illustrate three diffusely stratified cells. Line drawings represent
the cells' vertical appearance and stratification within the inner plexiform layer. Arrows indicate the levels of the images. Scale bar, 50 mm.
The second exception was the cell termed WF3±2 1992), but our techniques did not allow us to see whether
or not they had axons.(Figure 6). These cells arborized in layer 3, but seemed
to fill more of the layer than the other wide-field cells.
(Note in the figure that the dendrites cross over and The Cell Densities Observed Produce
Efficient Retinal Coveragesunder each other.) Their dendrites were more numerous
than those of the other wide-field cells and had a more As a rule, retinal neurons cover the retina efficiently.
Cells of a single type cover every part of the retinalcomplicated pattern of curving and branching. In con-
trast to the other wide-field cells, they had numerous surface, but with little overlap from cell to cell within that
population: they ªtileº the retina (WaÈ ssle and Riemann,spines and varicosities. The initial arbors of the cells
resembled those of the ªpolyaxonal-1º cells (Famiglietti, 1978). To prevent gaps in the retina's processing of
Neuron
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Figure 6. Wide-Field Cells with Dendrites in
Stratum 3 of the Inner Plexiform Layer
WF3±1 cells have straight, minimally branched
dendrites extending for long distances in a
single plane. Dendrites of WF3±2 cells were
greater in number and occupied a larger frac-
tion of stratum 3 (note that dendrites can be
seen crossing each other). In addition, they
had numerous spines and varicosities. Scale
bars, 50 mm.
information, a cell type should cover the retinal surface From this work, we learn nothing of the cells' biochemi-
cal phenotypes or connectivity; these remain for studiesat least once; that is, dendrites of at least one of the
cells should be present at every point across the retinal in which attention is focused on individual types. An-
other future task is to match these cells to those pre-surface. The coverage factor, which would be exactly 1
for a perfectly efficient cell, thus can potentially validate viously described by the Golgi technique or microinjec-
tion. The present results do allow a certain perspectiveour classification of cell types. We computed the cells'
coverage, using the frequency with which the cell type on the organization of the retina as a whole, and that
will be the focus of this discussion.was encountered in our sample and the average area
of the cells' dendritic arbors. The area of a cell's den- With these results, the program of identification and
classification of retinal neurons begun by Cajal isnearingdritic field was defined by a polygon connecting the tips
of its dendrites. The numerical density of each amacrine completion. The large classes of cell are known quanti-
tatively (Strettoi and Masland, 1995). Other workers havecell type was determined from its relative frequency and
the total density of amacrine cells at that eccentricity, identified the main types of horizontal and bipolar cells
(WaÈ ssle et al., 1989; Cohen and Sterling, 1990; Boycottknown from previous work (Strettoi and Masland, 1995,
1996). The dendritic coverage was then computed by and WaÈ ssle, 1991; Euler and WaÈ ssle, 1995). While refine-
ments will surely occur, the fundamental building blocksmultiplying the amacrine cell density by the average
dendritic area (Table 1). (Note that we made a more of the retina are now known. What do we learn about
the retina, and what is to be expected in regions ofprecise estimate than usual of the dendritic field bound-
aries. The more common method [WaÈ ssle et al., 1978], the CNS where the players have been less completely
described?in which the field's widest and narrowest diameters are
averaged, yields 20%±30% higher values for the cover-
age factor.) The precision of these estimates is limited
Narrow-Field Amacrine Cells Are Very Commonby the small number of examples of each cell type, but
Many types of narrow-field amacrine cell exist, in addi-the general result is clear. The coverages of the narrow-
tion to the well-studied A2. Together, they make up morefield cells hover around a value of 1. If we had created
than half of all amacrine cells, a picture different fromtoo many cell types, we should have seen many ªtypesº
the one given by most current descriptions of the retina,of cells that appeared to have coverages less than 1.
where medium- and wide-field cells dominate the dis-The coverages of the medium-field cells are generally
cussion (Dowling, 1987; Vaney, 1991; WaÈssle and Boy-higher, and the very high coverage of the starburst cells
cott, 1991). Narrow-field cells are clearly illustrated inis striking. This confirms earlier reports and shows in
classic Golgi studies (Polyak, 1941). The recent overem-addition that the starburst cells are the main narrow-
phasis on medium- and wide-field cells occurred partlyor medium-field type with this property. The coverage
because those cells, having larger somas, are morefactor found by photofilling of the regularly placed star-
readily microinjected.burst cells was higher than the value (z60) reported for
The function of an individual narrow-field amacrinethe displaced starburst cells (Vaney, 1984; Tauchi and
cell obviously depends upon its connectivity, but theMasland, 1984). The regularly placed starburst cells are
general class of functions that these cells can carry outreported to be 13% broader than the displaced star-
is suggested by their density and size. Many of the cellsbursts at each retinal eccentricity, and this would ac-
have a dendritic spread of 50±100 mm. In contrast, thecount, at least in part, for the higher value.
dendritic fields of retinal ganglion cells at this eccentric-
ity range up to 800 mm (Peichl et al., 1987; Yang andDiscussion
Masland, 1994). Many narrow-field amacrine cells thus
lie within the dendritic field of each ganglion cell. ItOur major finding is that a large number of types of
seems likely that the amacrine cells transmit or impor-amacrine cell exist, in numbers distributed broadly
tantly modify information passing down theretina's mainamong the individual types. Heterogeneity of amacrine
through-pathway from bipolar cells to ganglion cells.cells has been suspected from circumstantial evidence
Such an amacrine cell would need to be reduplicated(Kolb and Nelson, 1981; Vaney, 1991; Kalloniatis et al.,
many times within the ganglion cell's receptive field, or1996). What is added here is that the number, stratifica-
else it would degrade the ganglion cell's spatial reso-tion, dendritic morphology, and approximate retinal cov-
erage of each type of cell is simultaneously revealed. lution.
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Many Amacrine Cells Violate the ON±OFF Because of the differing stratifications of the re-
maining amacrine cells (i.e., their different connectivi-Subdivision of the Inner Plexiform Layer
Among wide-field cellsÐboth those previously known ties), there is every reason to believe that their jobs are
equally specific. This is not surprising, if only becauseand those newly encountered hereÐnarrow stratifica-
tion is the rule. The cells branch widely across the retina many features of the final ganglion cell output still lack
mechanistic explanations. These include temporal andbut their dendrites are restricted to one of the inner
plexiform layer's sublaminae. The narrow-field cells, spatial filtering, movement sensitivity, correlated firing,
and at least two kinds of brightness and contrast adap-however, frequently participate in the activities of more
than one layer. Roughly half have arborizations in both tation (WaÈ ssle and Boycott, 1991; Meister et al., 1995;
Neuenschwander and Singer, 1996; Berry et al., 1997;the inner (ON) sublayer of the inner plexiform layer and
the outer (OFF) sublayer (Figure 4). This contrasts with the Smirnakis et al., 1997). Several of these transformations
are newly discovered, suggesting that still others remainbipolar and ganglion cells, which with few exceptions
respect the ON±OFF dichotomy (Famiglietti and Kolb, to be learned.
1976; WaÈssle et al., 1981; Boycott and WaÈssle, 1991).
The narrow-field amacrine cells are so small that one The Amacrine Cell Populations of Other Mammals
must assume them to be electrically isopotential. For Are Similar to Those of the Rabbit
that reason, they potentially mix the two types of signal: The previously known types of amacrine cell are widely
a cell that receives synaptic inputs in the ON layer and conserved among mammals. A2, starburst, indoleamine-
makes outputs in the OFF layer, for example, would accumulating (A17), dopaminergic, and vasoactive in-
inject ON responses into the OFF layer. However, the testinal peptide (VIP) types of cells have each been ob-
mixing can be corrected by sign-inverting synapses, as served in the retinas of the mouse, rat, rabbit, cat, and
happens with amacrine cell A2 (Sterling, 1998). Indeed, a monkey (Famiglietti and Kolb, 1975; Perry and Walker,
possible function of the many gap junctions of amacrine 1980; Kolb et al., 1981; Masland and Tauchi, 1986; Da-
cells (Vaney, 1994) could be to allow a narrow-field ama- cey, 1990; Mariani, 1990; Tauchi et al., 1990; Vaney,
crine cell, most of which release glycine or GABA at 1991; Casini and Brecha, 1991; WaÈssle and Boycott,
their chemical synapses (Marc, 1989; Kalloniatis et al., 1991; Rodieck and Marshak, 1992; Gustincich et al.,
1996), to be excitatory in one layer and inhibitory in 1997). The overall fraction of horizontal, bipolar, and
another. An economy would result from this arrange- amacrine cells is known to be similar in the mouse,
ment, because it would allow a single amacrine cell to rabbit, and monkey retinas (Young, 1985; Martin and
carry out a function for both the ON channel and the GruÈ nert, 1992; Strettoi and Masland, 1995). While there
OFF channel. are probably differences in detail (if only because some
retinas are trichromatic), it is unlikely that the fundamen-
Amacrine Cells Have Dedicated Functions tal population of amacrine cells in other mammals is
We were surprised to find that the numbers of amacrine very different from the one described here.
cells are so evenly distributed. We had hoped and ex-
pected that a few (perhaps three or four) common ama-
Local Circuit Neurons in Other Parts of the Centralcrine cells would dominate. Instead, despite strenuous
Nervous System Are Equally Heterogeneousefforts to lump the cells into fewer categories, we find
Local circuit neurons are present in most gray matterat least 26 different types of amacrine cell. It is ironic
structures of the brain. Knowledge of them is, in general,that the starburst cell, originally considered a rare type,
anecdotal; it comes from Golgi stains, nuclear cytology,is in fact one of the more numerous amacrine cells.
or broad neurotransmitter labeling. For that reason, theWe are forced to treat each type of amacrine cell as
local circuit neurons tend to be lumped conceptually aspotentially of equal importance to the retina's function.
forming a single functional class within each structure.Why does this diversity exist?
However, these populations of neurons actually appearThe apparent reason is that each of the cells has a
to be as heterogeneous as retinal amacrine cells.unique role in the transmission of information through
The cerebral cortex serves as an example (a similarthe inner retina. This is different from the roles carried
analysis could be made for the hippocampus). The Golgiout by earlier retinal neurons. In this context, a photore-
method reveals, in the striate cortex of the monkey,ceptor cell is a general purpose neuron. It contributes to
more than 50 anatomical types of local circuit neuronsthe response of every subsequent retinal cell. Similarly,
(Lund, 1987; Lund et al., 1988; Lund and Yoshioka, 1991;horizontal cells feed back onto all rods or all cones; they
Lund and Wu, 1997). One might initially suspect thatspatially differentiate every image that passes through
a few major functional classes of local circuit neuronthe outer retina. In contrast, every amacrine cell whose
dominate, as was previously thought for the retina. How-function is known has a sharply delineated task. A2
ever, the existing evidence suggests that cortical neu-links the rod bipolar cells with the cone pathway, and
rons are also widely distributed among types. When adistributes their purely ON responses to both the ON
combination of histochemistry and serial section elec-and OFF channels. The indoleamine-accumulating cells
tron microscopic reconstruction was used to rigorouslymodify the transmission of information from rod bipolars
identify three discrete types of neuron within layer 4ab ofto amacrine A2 cells (Sandell et al., 1989; Strettoi et al.,
the cat's striate cortex, each type was found to comprise1992). Starburst cells enhance the responses of certain
only 0.5%±1.5% of all of the neurons present in layerganglion cells to moving stimuli (He and Masland, 1997).
4ab (Hamos et al., 1983; Solnick et al., 1984; Einstein etThe dopaminergic cells modulate the response of the
retina to bright or dim light (Gustincich et al., 1997). al., 1987).
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were reanesthetized and both eyes were removed from the orbitThe problem created is that we know many other kinds
and hemisected in Ames medium (Sigma Chemical). The animal wasof cortical cells to exist, but do not know how important
then killed by an overdose of the same agents in accordance witheach is, or how many types of cells are missing alto-
institutional guidelines. The retinas were dissected from the poste-
gether from our view. The foundation upon which the rior eyecup and maintained in vitro using procedures described in
present studies were built was a quantitative accounting previous publications (Ames and Nesbett, 1981; Yang and Masland,
1994).of all of the major cell classes in the retina. The inner
Following an initial incubation period of 3 hr (for clearing of un-nuclear layer was approached as a three-dimensional
bound DAPI from the tissue), pieces of living DAPI-stained retinasolid, and every cell within it was classified (Strettoi and
were cut and flatmounted to pieces of black, nonfluorescent filterMasland, 1995, 1996). That information allowed us to
membrane (Type HABP filter, Millipore). The pieces included a field
say how many amacrine cells were missing and to vali- of retina located 6±10 mm directly ventral to the optic nerve head,
date the present methods of surveying the missing pop- where most of the filled cells were located. The membrane with
attached retina was immersed in an open dish of Ames medium,ulation. Using currently available molecular probes and
and the surface of the medium was gassed with 20% O2, 5% CO2. Wemodern microscopy, a comparable analysis could be
used 20% rather than 95% oxygen to limit spontaneous oxidation ofbegun in other regions of the mammalian CNS.
the H2R123. Previous work has shown that 20% oxygen is sufficient
to sustain isolated rabbit retinas (Ames and Nesbett, 1981). H2R123
Experimental Procedures (Molecular Probes) was added to the bath to achieve a final concen-
tration of 5±20 mM.
Overview
We used the oxidation of H2R123 to R123 to fill cells, the reaction Intracellular Filling
being initiated by focal irradiation of a cell's DAPI-labeled nucleus The dish containing the retina in the H2R123 bath was placed on a
with short wavelength light. H2R123 is moderately lipophilic, and microscope stage, and DAPI-labeled neurons were viewed with a
this allows it to enter cells freely when added to the incubation Zeiss 403 Plan Neofluar water immersion lens using a 100 W mer-
medium. It is virtually nonfluorescent. R123 is fluorescent and is cury source and filters appropriate for DAPI (excitation, 340±380
cationic at physiological pH. The charge both renders R123 mem- nm; dichroic, 395 nm; emission, long pass 420 nm). Nonspecific
brane impermeant and causes it to accumulate within negatively photooxidation of H2R123 in the bathing medium was decreased by
charged membranes (Royall and Ischiropoulos, 1993). The overall placing a 2 log neutral density filter (Omega Optical) in the epifluores-
negative membrane potential of the cell thus tends to retain the cence path when focusing the microscope and selecting DAPI-
molecule, which was useful because it retards possible leakage of labeled cells for filling. While DAPI labels some amacrine cells more
the fluorescent probe out of the cell. However, R123 accumulates brightly than others, at the relatively high concentrations used, all
maximally in mitochondria, with the result that the cell bodies and amacrine cells (indeed, all retinal neurons) appeared to be labeled
dendritic varicosities of the amacrine cells were brightly labeled. to some extent. This is to be expected for a DNA-binding molecule.
The bright somatic labeling interfered somewhat with visualization It was evidenced by a lack of obvious gaps in the mosaic of stained
of the dendrites, but the added retention of the oxidized probe amacrine cells and confirmed by the finding that the known types
nonetheless made H2R123 preferable to other compounds tested. of amacrine cell were encountered in our sample at the expected
The mechanism by which H2R123 is converted to R123 is under- frequencies.
stood only in general. In principle, it is similar to the photooxidation Single cells located at the vitreal margin of the inner nuclear layer
of diaminobenzidine initiated by irradiation of many other fluoro- were randomly selected by using an indexed grid reticle in one
chromes, which yields an insoluble reaction product useful for ana- eyepiece and a table of randomly generated numbers to represent
tomical purposes (Maranto, 1982; Sandell and Masland, 1988). The each grid crossing (Figure 1B). The cell located directly under the
series of reactions in the present experiments begins with absorp- designated coordinate was carefully moved to the center of the
tion of a photon by DAPI to yield a DAPI molecule in an excited microscope field. We replaced the iris diaphragm in the back focal
state. The reactive DAPI species presumably reacts with molecular plane of the epiillumination path of the microscope with a slider
oxygen to create superoxide radicals (O22) (Maranto, 1982; Deerinck holding pinholes 80 and 100 mm in diameter and an iris diaphragm.
et al., 1994). From this starting point, several species could partici- One of the pinholes was centered in the microscope field so that
pate. In some living cells, subsequent reactions have been reported only the DAPI-labeled nucleus of the targeted cell was visible. The
to proceed via hydrogen peroxide (H2O2). Superoxide is converted pinholes limited the beam of light to 2±3 mm in diameter, insuring
to hydrogen peroxide and the hydrogen peroxide directly oxidizes that only the nucleus of the targeted cell would be exposed to
H2R123, the reaction being catalyzed by endogenous peroxidases ultraviolet irradiation. Because of the optical geometry of high nu-
(Henderson and Chappell, 1993; Royall and Ischiropoulos, 1993). merical aperture objectives, cells above or below the targeted cell
There is evidence for the formation of hydroxyl radicals (OH2) after received too little light to photoconvert their H2R123 (Sulston and
laser excitation of malachite green, and they would be capable of White, 1980; He and Masland, 1997).
directly oxidizing H2R123 to R123 (Liao et al., 1994). It is also possible Conversion of H2R123 to R123 in the targeted cellwas accelerated
that singlet oxygen directly oxidizes H2R123 (Maranto, 1982; Deer- by removing the 2 log neutral density filter from the epifluorescence
inck et al., 1994). Understanding more precisely which of these path for the duration of the pinhole irradiation. Optimal irradiation
species participate under our conditions might suggest better times varied depending on the state of the tissue, the concentration
probes for future work. of H2R123 in the bathing medium, and the intensity of the DAPI
It was not practical to wash the unoxidized H2R123 out of the labeling, but were usually 5±10 min. After several cells in a piece of
tissue, and this created a potential problem: viewing of the filled retina were filled, it was rinsed briefly in fresh Ames medium and
cells by ordinary microscopy quickly photooxidized all of the H2R123 then coverslipped, unfixed, in medium. Every targeted amacrine cell
in the field, obscuring the filled cells. This was avoided by the use was imaged and recorded as part of the database shown in Table 1.
of a sensitive digital camera, which could capture stacks of images
of the filled cells using short exposure times and dim illumination Data Acquisition
without triggering much further photooxidation. Filled amacrine cells were immediately imaged using a sensitive
digital camera that allowed us to collect multiple images of single
cells using short exposure times (z400 ms) without significant fadingNuclear Labeling
One day prior to experiments, amacrine cell nuclei in each eye of the tissue or elevation of background staining. Optical images at
1 mm intervals throughout the depth of the R123-filled cells (a totalof adult New Zealand white rabbits (4.5±5.0 kg) were labeled by
intraocular injection of 10 mg DAPI (4,6-diamidino-2-phenylindole, of z30 images) were recorded for each cell. The images were ob-
tained by epifluorescence microscopy using a Zeiss Axioplan micro-Sigma Chemical) under general anesthesia (intramuscular 50 mg/
kg ketamine and 10 mg/kg xylazine). The following day, the animals scope equipped with high numerical aperture objectives (403 Zeiss
Diversity among Amacrine Cells
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Plan-Apochromat, 1.0 oil; 403 and 633 Zeiss C-Apochromat, 1.2 signal flow from rod photoreceptors to ganglion cells in mammalian
retina. Proc. Natl. Acad. Sci. USA 92, 10658±10662.water). Two different filter sets were used to view and image the
R123-filled neurons (either Zeiss [excitation, 450±590; dichroic, 510; Dowling, J.E. (1987). The Retina: an Approachable Part of the Brain
emission, band pass 515±565 nm] or Omega Optical [excitation, (Cambridge: Belknap).
488±512; dichroic, 545; emission, 526±562 nm]) The narrower filter Einstein, G., Davis, T.L., and Sterling, P. (1987). Pattern of geniculate
set produced images of higher contrast. Images were captured by synapses on neuron somata in layer IV of the cat striate cortex. J.
a Princeton Instruments MicroMax cooled CCD camera (4096 gray Comp. Neurol. 260, 76±86.
levels). Data acquisitionwas controlled by MetaMorph v.2.5 (Univer-
Euler, T., and WaÈ ssle, H. (1995). Immunocytochemical identificationsal Imaging), an image acquisitionand processing software package
of cone bipolar cells in the rat retina. J. Comp. Neurol. 361, 461±478.that drove a Z-axis focus motor (Ludl Electronic Products) and an
Famiglietti, E.V. (1992). Polyaxonal amacrine cells of rabbit retina:electromagnetic shutter (Vincent Associates).
size and distribution of PA1 cells. J. Comp. Neurol. 316, 406±421.Fluorescent structures located above and below the plane of fo-
Famiglietti, E.V., Jr., and Kolb, H. (1975). A bistratified amacrine cellcus added haze to the images. As an aid to studying the cells, we
and synaptic circuitry in the inner plexiform layer of the retina. Brainsometimes used ExhaustivePhoton Reassignment software (Scana-
Res. 84, 293±300.lytics) to mathematically reassign out-of-focus light to its places of
origin (Carrington et al., 1990). The resulting images were in some Famiglietti, E.V., Jr., and Kolb, H. (1976). Structural basis for ON-
cases higher in contrast than the raw images and allowed for more and OFF-center responses in retinal ganglion cells. Science 194,
accurate localization of dendrites in depth within the inner plexiform 193±195.
layer. However, none of the results presented here depended en- Gustincich, S., Feigenspan, A., Wu, D.K., Koopman, L.J., and Ravi-
tirely on this type of processing, and the images shown in the figures ola, E. (1997). Control of dopamine release in the retina: a transgenic
were not subjected to it. The images shown were adjusted for bright- approach to neural networks. Neuron 18, 723±736.
ness and contrast and were unsharp-masked, to reduce haze from Hamos, J.E., Davis, T.L., and Sterling, P. (1983). Four types of neu-
out-of-focus light. In Figures 3 and 6, we also used background rons in layer IVab of cat cortical area 17 accumulate 3H-GABA. J.
subtraction, to correct for uneven illumination across the field. No Comp. Neurol. 217, 449±457.
other digital processing was carried out.
He, S.-G., and Masland, R.H. (1997). Retinal direction selectivity
after targeted laser ablation of starburst amacrine cells. Nature 389,
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